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Abstract – Fault adaptive systems must adapt and reconfigure 
themselves to the changes in the environment or the system itself, 
and have to maintain operation even in case of system failures. In 
order to avoid performance degradation due to system reconfi-
gurations, adequate reconfiguration management is necessary. 
This paper describes a fault-adaptive control system with multi-
layer control and a reconfiguration management system.  

Keywords – reconfigurable systems, hybrid systems, transient 
reduction, fault-adaptive control 

I. INTRODUCTION 

Fault tolerant and fault adaptive systems play an important 
role in today’s safety critical applications such as fly-by-wire 
and drive-by-wire vehicles, and the environmental control of 
spacecrafts. In case of failures, such systems must remain 
operational, and the basic and necessary capabilities must be 
maintained. To achieve this goal fault adaptive control 
systems [1] are designed to diagnose and isolate faults, make 
decisions, and reconfigure themselves in order to maintain 
the operation in a satisfactory level.  

The operation of such complex applications can often be 
modeled and described as hybrid dynamical systems [2], [3], 
which have discrete operational modes. Each mode 
corresponds to a dedicated continuous dynamic system. 
Transition between these modes (i.e. mode change) is 
considered as reconfiguration of the complex system.  

The reconfiguration can be either structural or parametric, but 
unfortunately both can cause transients as undesired side 
effects. Recently transient management techniques have been 
proposed to suppress or decrease the reconfiguration 
transients in open loop [4] and closed loop [5], [6] scenarios. 
These methods can either be passive methods, where the 
proper choice of the structure ensures the low level of the 
transients; or active methods, where run-time interactions 
(e.g. state variable initialization or anti-transient signal 
injection) help to suppress the transient effects.  

In this paper an implementation of a transient management 
system is proposed in a complex fault-adaptive control 
application. A short overview is given on transient 

management in fault adaptive systems in Section II. In 
Section III the proposed control architecture is described, 
with the details of the transient management subsystem in 
Section IV. In Section V a simulation example is presented. 

II. TRANSIENT MANAGEMENT IN FAULT 
ADAPTIVE CONTROL SYSTEMS 

The problem of transient management is recognized in the 
control literature, see, e.g. [10], and multiple-step 
reconfiguration is proposed as a possible solution. In some 
other works, see e.g. [11], transients are identified as 
convergence trajectories of adaptive schemes. In the signal 
processing literature some attempts were made to reduce the 
transients of variable filters [12].  

Different solutions have been proposed lately to decrease the 
transient effects in reconfigured dynamic systems. The 
importance of proper structures is addressed in [4]. Active 
transient management algorithms were also proposed [5], [6]. 

Fault adaptive control systems are being developed, using 
reconfigurable monitoring and control systems to maintain 
the operation after faults [1]. The transient management in 
such systems has not been addressed nor solved yet, although 
in certain applications the performance of the system may 
degrade severely because of the side effects of the 
reconfiguration. The structure proposed in this paper 
undertakes the handling of this problem. 

III. CONTROLLER ARCHITECTURE 

The controller architecture used in our fault-adaptive control 
system is shown in Fig. 1. Similarly to the concept described 
in [7], a multi-layer approach is used to separate low-level 
and high-level control objectives. The physical plant is 
controlled by the regulators (low-level controllers), while the 
overall control objectives are managed by the supervisory 
(high-level) controller. The separation of control objectives 
provides a clean hierarchical controller structure and enables 
the design of controllers in different levels. The control close 



to the physical system can be distributed and simple since 
each regulator takes care of only a particular part of the 
whole control objective (e.g. control of one aileron actuator 
of an airplane). The supervisory controller deals only with 
high-level control objectives by adequately configuring the 
system components. 

The supervisory controller receives information from other 
high-level system components (e.g. from the fault diagnosis 
subsystem or from the system monitor with human inter-
actions) and it monitors the regulators and the plant through 
sampled data values and discrete events, as shown in Fig. 1. 
Based upon the observed information the supervisory con-
troller can initiate the reconfiguration of the regulators (and 
possibly the plant as well). The reconfiguration is managed 
through an intermediate layer, the Reconfiguration Manager. 
It receives reconfiguration commands from the supervisory 
controller, and translates them into low-level reconfiguration 
command sequences, which are executed by the regulators. 
The reconfiguration manager also takes care of the transient 
management of the reconfiguration process. Note that the 
reason of a reconfiguration can be either a regular change of 
the operational mode, or a result of a detected fault. 

A convenient description of systems with different modes of 
operation is the hybrid finite state machine (HFSM) [8], [9], 
as shown in Fig. 2. The states of the HFSM correspond to the 
modes of operation, and the transitions between states 
correspond to mode changes. The HFSM is hierarchically 
structured, and thus supports a compact, comprehensible and 
logical system description.  

The HFSM-based system representation gives the possibility 
to represent the supervisory controller itself as a finite state 
machine. In its states the appropriate regulator descriptions 
can be found, while the state transitions – in addition to the 
mode change – describe the transient management 
techniques.  

A. Supervisory layer  Fault diagnostics User actionsSUPERVISORY 
CONTROLLER 

The supervisory controller is represented by a hierarchical 
finite state machine, using the state chart formalism of Harel 
[13]. Each state on the highest hierarchy level represents an 
operating mode (i.e. a system configuration). Sub-states 
represent different phases of an operating mode. 

High-level 
Reconfiguration 
Commands Data values

Events
RECONFIGURATION 

MANAGER Based on the information from the environment, the fault 
diagnostics unit, or the user, the supervisory controller 
evaluates state transitions and thus initiates system 
reconfiguration. The state incorporates the description of the 
current reconfiguration, i.e. the controller (and occasionally 
the plant) configuration, and the connection layout. The state 
transition describes the reconfiguration mechanism to be used 
by the Reconfiguration Manager (see example in Section V). 

Commands 
Low-level 
Reconfiguration 
Commands Reference signals 

Actuator
signals

RECONFIGURABLE 
REGULATORS Sensor signals 

Fig. 1. The control architecture and data flow graph  
of the fault adaptive control system Controller Description. The regulator components can be 

described by one of the three possible description modes: Set, 
Design, and Construct. From the controller description the 
Reconfiguration Manager is able to synthesize the 
reconfigured regulator, using different amounts of design-
time and run-time information. 

• Set: The controller is described by explicitly defining the 
structure and its parameters.  

• Design: The controller’s structure is given, and the 
parameters are calculated when the system is 
reconfigured to provide optimal performance in some 
sense. The type and measure of performance are 
parameters, when appropriate. 

• Construct: Only the quality criteria (i.e. the measure of 
performance) are given by the designer, the optimal 
structure and the corresponding parameters are 
determined on-line, when the reconfiguration happens. 

Fig. 2. Example of a hybrid system with modes of operation 



B. Regulatory layer 

The primary task of the regulatory layer is to perform the 
lower level control of the physical system. Thus the 
regulators receive sampled plant data from the sensors and 
generate control signals to the actuators, the control law 
depending on their current configuration. In addition to the 
basic control activity, the regulator components support the 
upper layers to perform the reconfiguration.  

The regulator components contain 

• low-level controllers (either software components, or 
different hardware representations) performing the 
associated control task, with basic ability to support the 
reconfiguration (start, stop, parameter/state update, etc.), 
and  

• methods to support advanced reconfiguration and 
transient management techniques (e.g. regulator 
components can provide information on their 
capabilities, calculate their control and reconfiguration 
parameters, and also provide different performance 
measures). Note that these methods do not run on the 
low-level controllers. 

IV. THE RECONFIGURATION MANAGER 

The purpose of the reconfiguration manager is to evaluate 
high-level reconfiguration commands initiated by the 
supervisory controller. The activity of the Reconfiguration 
Manager has three different aspects: topological, structural 
and transient management. The topological management 
covers the creation of the system topology (removal of old 
components and connections, creation of new components 
and connections in an adequate order). Loosely speaking, the 
topological management creates boxes with connections 
between them. The structural management fills the boxes 
with the actual system components; it determines and sets the 
structure and parameters for each system components. The 
transient management ensures the good transient behavior of 
the system during the reconfiguration. The three management 
activities are strongly coupled.  

In the reconfiguration manager each reconfiguration 
mechanism is described by a state machine. When the 
supervisory controller initiates a reconfiguration, the 
appropriate state-machine in the Reconfiguration Manager is 
evaluated. Each state represents a simple activity:  

Topological activities: remove component, remove 
connection, add component, add connection, configure 
component.  

Structural activities: create controller based on the controller 
description received from the Supervisory Controller. The 
controller creation uses information and design methods 
provided by the regulator components. 

Transient management activities: The undesired side effects 
of the reconfiguration can be decreased by various transient 
management techniques, e.g. blending, state variable 
initialization, anti-transient signal injection [5], [6]. The 
transient management technique for each component (or 
component group) is specified in the reconfiguration method. 
The reconfiguration manager uses the methods supplied by 
the regulator components. 

Reconfiguration Description. The transient management 
method is described by either the Define or Select keywords.  

• Define [method]: The transient management method is 
explicitly defined (e.g. bumpless state initialization). 
Only its parameters are calculated online. 

• Select [optimality criterion]: The optimal method is 
selected, based upon the previous and the next system 
structure, the parameters, and the supported transient 
management method set. An optimality criterion is an 
input parameter. 

The transient management methods use the information and 
design methods provided by the old and new regulator 
components. 

V. EXAMPLE 

As a test scenario the roll control of a simulated airplane is 
used. The airplane can drop loads (from the wings and from 
the body), thus the dynamics of the plane are 
‘reconfigurable’. The model also enables injection of 
different aileron faults to test fault-detection abilities. Based 
on the dynamics and the faults different control strategies can 
be used to provide optimal performance, so the roll controller 
should also be reconfigured.  

The control loop contains the aircraft dynamics, a gyro 
position sensor, the controller and an aileron actuator (see 
Fig. 3). The implemented reconfiguration manager is a 
simplified version in the sense that no topological 
reconfiguration is required (there is only one controller, only 
its inner structure and parameters can be changed).  

The test system is built in MATLAB using Stateflow graph 
[14] and Simulink models [15]. For each controller type the 
designer have to supply a handler function, in which the 
controller is described in terms of input-output behavior, 
parameter calculation methods, and the available transient 
management techniques. This handler file contains also 



Fig. 3. The simulated aircraft roll control system with reconfigurable controller. 

information on the supplied methods for the Reconfiguration 
Manager. 

In the simulation example one load was dropped from each 
wing, so four operational modes were used, each of them 
corresponding to one mass distribution, as shown in Fig. 4. 
The controller descriptions (Set and Design methods of 
different lead-lag controllers) and reconfiguration descrip-
tions (Define of state zero, state preserve, and bumpless state 
initialization) can be seen in the figure. The evaluation of the 
reconfiguration procedure is illustrated in Fig. 5.  

VI. SUMMARY 

A multi-layer transient management system was proposed, 
which can be used in reconfigurable fault adaptive control 
systems. The lower level regulator blocks are extended to 
provide additional services to support parameter calculation 
methods, reconfiguration methods, and controller design. The 
upper level supervisory layer represents the different 
operating modes of the system. The reconfiguration manager 
performs the reconfiguration of the regulatory layer, based on 
the commands received from the supervisory controller, and 
the available low-level reconfiguration methods, provided by 
the regulator components. 

The reconfiguration and transient management procedures are 
described in the transient manager. Different description 

levels facilitate the reconfiguration and transient management 
based on different amount of design-time information. 

The concept was tested and illustrated in a simulated 
reconfigurable airplane roll controller. 

Fig. 4. The Supervisory Controller implemented as a  
MATLAB StateFlow graph. Each operating mode represents a 

mass distribution (i.e. a dynamic behavior) of the airplane. 
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